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et al., 1999a, 1999b) and Notch1-expressing, ciliated
ependymal cells lining the ventricles (Johansson et al.,
1999). These two distinct cell types are so intimately
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Albany, New York 12208 localized in vivo that it is difficult to separate them physi-
cally. Instead, we anticipate that defining specific fea-
tures of stem cells will provide markers to help reveal
their in vivo identity.Summary
Genes expressed by adult CNS stem cells include
Nestin, Musashi, Notch1, and GFAP (Sakakibara et al.,Adult neural stem cells are rare, and little is known
1996; Johansson et al., 1999; Doetsch et al., 1999a),about their unique characteristics, leaving their in vivo
but other CNS cell types also express these. Moreover,identity enigmatic. We show that Lewis X (LeX), a car-
many of these markers are intracellular, limiting theirbohydrate expressed by embryonic pluripotent stem
usefulness for stem cell enrichment, although this prob-cells, is made by adult mouse subventricular zone
lem can be overcome by creating transgenic mice with(SVZ) stem cells and shed into their environment. Only
fluorescent reporter gene expression (Kawaguchi et al.,4% of acutely isolated SVZ cells are LeX; this subpop-
2001). A more generally useful marker would be a cellulation, purified by FACS, contains the SVZ stem cells.
surface molecule allowing stem cell localization and pu-Ependymal cells are LeX, and purified ependymal
rification from a wild-type mouse. This approach hascells do not make neurospheres, resolving the contro-
been used to prospectively isolate embryonic humanversial claim that these are stem cells. Thus, LeX ex-
CNS stem cells using CD133 mCD24lo (Uchida et al.,pression by adult CNS stem cells aids their in vivo
2000) and mouse neural crest stem cells using the p75identification, allows their enrichment, and raises new
neurotrophin receptor (Morrison et al., 1999).questions about the role of this unusual carbohydrate
Cell surface carbohydrate moieties are useful cell typein stem cell biology.
markers (Jessell et al., 1990). The LeX antigen, which is
the trisaccharide 3-fucosyl-N-acetyllactosamine or FALIntroduction
(Gooi et al., 1981), also known as SSEA-1 (stage-specific
embryonic antigen 1) or CD15 (leucocyte cluster of dif-Neural stem cells have been isolated from the adult
ferentiation 15), is highly expressed on pluripotent stemsubventricular zone (SVZ) and hippocampus (Gage,
cells: it is found on mouse and human embryonic carci-2000). These cells are an important source of new neu-
noma cells, mouse preimplantation embryos, embryonicrons and offer the promise of novel central nervous
stem cells, teratocarcinoma cells, and primordial germsystem (CNS) repair therapies, so they are the subject
cells (Solter and Knowles, 1978; Fox et al., 1981; Birdof intense interest. Yet, the exploration of adult neural
and Kimber, 1984; Muramatsu, 1994; Marani et al., 1986;stem cells is hampered because we have had no means
Gomperts et al., 1994). Intriguingly, CNS cell subpopula-to positively identify these rare cells. CNS stem cells
tions in various species also express this marker duringare usually identified retrospectively by their ability to
development and in adulthood. LeX is expressed in ger-generate typical neurospheres or large adherent clones
minal zones in the murine embryonic telencephalon (Ya-containing multiple neural cell types (Reynolds and
mamoto et al., 1985; Allendoerfer et al., 1995, 1999; ToleWeiss, 1992; Davis and Temple, 1994; Palmer et al.,
et al., 1995; Ashwell and Mai, 1997) and spinal cord1997), which precludes study of the initial stem cell pop-
(Dodd and Jessell, 1986), and in the cerebellar externalulation. Recently, a subpopulation of adult SVZ stem
granular layer (Marani and Tetteroo, 1983). In the adultcells has been prospectively purified using multiple se-
mouse CNS, LeX is expressed by subpopulations oflection steps largely based on lack of differentiation
astrocytes, tanycytes, and a few neurons (Bartsch andmarkers (Rietze et al., 2001); this constitutes an impor-
Mai, 1991; Gocht et al., 1996; Ashwell and Mai, 1997).tant step forward in studying these cells. Still, we know
Given the expression of LeX on pluripotent embryoniclittle about the unique biology of CNS stem cells, for
stem cells, in germinal zones of the developing CNS,example, which specific gene products they express,
and on some astrocytes in the adult CNS, we decidedwhich would expand our understanding of these impor-
to examine its expression within adult neurogenic zones,tant cells, aid their identification in vivo, and allow their
and to investigate the properties of purified LeX cells.positive enrichment in vitro for study and use.
In this study, we describe a significant aspect of theGiven this impasse, we find ourselves confronted with
biology of adult CNS stem cells—their expression of thecontroversies about the identity and characteristics of
LeX carbohydrate moiety, which aids their enrichmentadult neural stem cells. For example, two different cell
and identification.populations have recently been identified as including
SVZ stem cells: GFAP-expressing astrocytes (Doetsch
Results
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Frozen and paraffin sections of adult mouse brain were3 Present address: Stemcells Inc., 3155 Porter Dr., Palo Alto, Califor-
nia 94304. stained using the monoclonal anti-CD15 antibody pro-
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duced by the hybridoma clone MMA, which recognizes for LeX (Figures 1F and F″). Prominent staining was
LeX (Gocht et al., 1996). In dorsal forebrain, there is a observed in the subgranular layer, which generates new
distinct layer of LeX cells associated with the cortical granular neurons in vivo (Kempermann et al., 1997). The
pial surface and strong labeling within the corpus callo- hippocampus also has strong GFAP expression (Figure
sum, while the intervening cortical tissue is only lightly 1F″); labeling of these markers within individual cells
stained, with occasional positive cells usually found sur- was not assessed.
rounding blood vessels (Figures 1A and 1A). Basal fore-
brain is more brightly labeled, with strong staining in LeX Is Associated with a Large Protein Carrier
the septal region and patchy staining in the striatum in Neurogenic Zones
(Figures 1B–1E). Within the basal forebrain SVZ, sparse Given that LeX is present in adult neurogenic zones, we
individual cells are prominently stained (Figures 1C and examined what carrier molecule it might be associated
1E). Often LeX staining was diffuse, consistent with pre- with. Previous studies identified a large 200 kDa pro-
vious reports describing LeX in the extracellular matrix teoglycan carrier for LeX in embryonic and early postna-
(Gocht et al., 1996). LeX cells were present in the rostral tal brain (Tole et al., 1995; Allendoerfer et al., 1995, 1999),
migratory stream, and rare positive cells were seen in the whereas in adult brain, LeX is associated with 70–80
olfactory bulbs (data not shown). Confirming previous kDa glycoproteins (Tole et al., 1995; Allendoerfer et al.,
reports (Bartsch and Mai, 1991), ependymal cells did not 1999). We performed Western blots on different CNS
stain for LeX, neither in whole mounts, paraffin sections regions, probing with the MMA antibody to distinguish
(Figures 1 and 2), nor in cryostat sections (data not possible protein carriers for LeX. A 200 kDa carrier
shown). protein was seen in adult neurogenic regions (Figure 3):
Considering evidence that some SVZ astrocytes are SVZ and hippocampus, and in the cerebral cortex, which
stem cells (Doetsch et al., 1999a, 1999b), we compared may also acquire new neurons in adulthood (Gould et
the localization of LeX and GFAP and found some no- al., 1999). In contrast, in the cerebellum, which has been
ticeable similarities in overall distribution. In dorsal fore- shown not to support neurogenesis (Suhonen et al.,
brain, like LeX staining, GFAP staining reveals an intense 1996), this large carrier molecule was not found, even
subpial layer, occasional cells surrounding blood ves- though LeX staining is observed (Gocht et al., 1996; our
sels, and strong expression in the SVZ and corpus callo- observations), possibly due to its expression in glycolip-
sum (Figure 1). In the body of the cerebral cortex, both ids. Thus the200 kDa carrier protein for LeX seen in the
LeX and GFAP staining are weak. While both markers developing CNS may be retained in adult CNS regions
are expressed in the striatal SVZ, GFAP staining is more containing neurogenic stem cells.
abundant. Interestingly, few SVZ cells appeared double
labeled. LeX Cells Divide In Vivo and Retain
To gain a clearer picture of SVZ LeX expression, we the Proliferation Marker BrdU
used a whole-mount labeling technique developed by Some SVZ cells are slowly dividing in vivo, and these
Doetsch et al. (1999b) to stain the entire ventricular stria- are thought to be stem cells. Prolonged exposure to
tal wall. Figures 2A–2A″ show a striatal wall stained for
5-Bromo-2-deoxyuridine (BrdU) allows its uptake into
LeX, and for comparison, another stained with a mono-
all dividing cell populations. Neuroblasts have a short
clonal anti-GFAP antibody (Figures 2B–B″). LeX staining
cell cycle, and young neurons rapidly migrate away from
reveals a subpopulation of large, bushy cells evenly
the SVZ, so this population loses the label quickly. SVZspaced in a spotted pattern over the surface of the
cells that retain BrdU for at least a week after labelinglateral wall. In contrast, GFAP staining is much more
appear to be slowly dividing stem cells (Morshead etabundant, with processes forming a dense network.
al., 1994; Johansson et al., 1999; Doetsch et al., 1999a;To quantify LeX cells in the SVZ, we microdissected
Chiasson et al., 1999). We examined whether LeX SVZthe area surrounding the ventricles from brain slices
cells have the BrdU uptake and retention characteristics(Lois and Alvarez-Buylla, 1993), dissociated the cells,
expected of adult neural stem cells.and stained them acutely with MMA antibody. As shown
Adult mice were given BrdU in their drinking water forin Table 1 and Figures 2C and 2C, only a minor propor-
2 weeks (Johansson et al., 1999). After this treatment,tion, 4.31%  0.27%, of microdissected SVZ cells are
dividing cells were found in the SVZ (Figure 4C) and inLeX. A similar percentage was obtained after cell disso-
the inner granular layer of the hippocampal DG (Figureciation using trypsin or papain. In order to characterize
4D), as expected (Morshead et al., 1994; Kempermannthe LeX population, we double stained with other mark-
et al., 1997). At 0, 4, and 7 days after ceasing BrdUers for SVZ cell types (Table 1). There was little overlap
administration, the SVZ region was microdissected andbetween LeX and -tubulin III, demonstrating that most
dissociated to single cells that were acutely stained withneuroblasts were not included in this population. As
antibodies against LeX, GFAP, -tubulin III, and BrdUpredicted from the section staining, there was also little
(Figures 4E–4G). Dissociated cells rather than tissueoverlap between GFAP and LeX. The GFAP population
sections were examined to allow clear identification ofis 12% of the total dissociated SVZ cells: of the total
multiple labels within individual cells.GFAP population, only 6% also expressed LeX, and of
Figure 4B, upper panel shows the percentage of SVZthe total LeX population, only 18% expressed GFAP.
cells positive for either LeX, -tubulin III, or GFAP thatNone of the acutely isolated LeX cells costained with
were BrdU labeled. At day 0 (following the 2 weeks ofmCD24, an ependymal cell marker (Calaora et al., 1996)
BrdU administration), 66.2%  1.6% of LeX cells were(Table 1; Figures 1C and 2), confirming the lack of epen-
BrdU, and at 7 days, 30% of these retained the label,dymal staining seen in sections.
The hippocampal dentate gyrus (DG) stained strongly indicating that a third are slowly dividing. In contrast,
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Figure 1. Distribution of the LewisX Antigen in the Adult Mouse Brain
Staining of coronal paraffin sections at anterior and posterior levels indicated in diagrams on the right. Left panels, LeX (red); middle panels,
GFAP (green); right panels, merged images.
(A–A″) LeX and GFAP in the cerebral cortex, note LeX cells close to the pial surface (pia). Insert: high magnification of LeX and GFAP staining
around a blood vessel.
(B–C″) In anterior sections, LeX labels cells in the striatum (str), septum (se) and corpus callosum (cc). (C) high magnification of the boxed
area indicated in B″ showing LeX staining in the SVZ is stronger in the septal than the striatal side. Occasional bright cells are seen in the
striatal SVZ (arrowhead).
(D–E″) In more posterior sections, the same pattern of staining is visible with strong staining in the septum and corpus callosum, patchy
staining in the striatum, and occasional brightly-stained LeX cells in the SVZ region, as shown at higher magnification in (E)–(E″). In both
anterior and posterior regions, there is a general overlap in the location of LeX and GFAP staining, but in the SVZ at high magnification, few
cells appear to label with both markers; one example is indicated by the arrow in (E)–(E″).
(F–F″) The hippocampal dentate gyrus shows strong LeX staining, which parallels that of GFAP, including its association with blood vessels
(arrows).
Scale bars: (A–A″, B–B″, and D–D″) 200 m; (C–C″and E–E″) 30 m; (F–F″) 100 m.
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Figure 2. LeX versus GFAP Staining in Cells
of the Striatal Ventricular Wall
(A) LeX staining in whole mounts reveals
large, bushy cells that are evenly dispersed
over the entire striatal wall. Stained cells are
also visible in the corpus callosum (cc). (A
and A″) High-power images of typical LeX
cells.
(B) GFAP staining in the striatal wall reveals
a dense network of processes, prominent
around blood vessels. (B and B″) High mag-
nification showing typical GFAP fibrous
staining. GFAP is more abundant than LeX
staining.
(C and C) A small percentage of cells are
LeX (arrowheads) in acute cell suspensions
of striatal SVZ.
(D–E) LeX does not label ependymal cells.
(D and D) In acute cell suspensions of adult
striatal SVZ, LeX cells shown in red (arrow)
never colabeled with mCD24 (green), an ep-
endymal cell marker. Insert, a ciliated epen-
dymal cell in phase and stained with anti-
mCD24. (E) LeX staining of the SVZ region,
boxed area at higher power in (E). The epen-
dymal layer is LeX on the striatal (arrows)
and septal (arrowhead) sides.
Scale bars: (A and B) 500 m; (A, A″, B, B″,
D, D, and E) 25 m; (C and C) 30 m; (E)
100 m.
91.2%  1.6% of the -tubulin III neuroblasts were FACS Purified LeX Cells Are the Neurosphere-
Generating Cells of the SVZBrdU at day 0, but as expected, by 7 days only a minor
proportion (2.8%) retained the label. 45.5%  2.2% of The number of LeX cells in an SVZ cell suspension
(4%) is similar to the estimated number of stem cellsthe total GFAP cells incorporated BrdU label by day
0, and the rate of decay was similar to that of LeX cells, present, assessed by neurosphere generation (1%) (Reyn-
olds and Weiss, 1992; Gritti et al., 1996; our data). Towith 24% of the dividing population retaining label at
day 7. examine whether the subpopulation of LeX cells included
neurosphere-generating stem cells, we purified them byOf the LeX cells that incorporated BrdU at day 0,
only 5.1%  1.4% were GFAP, but of the LeX cells sorting and cultured them under neurosphere-promot-
ing conditions. Figure 5B shows typical FACS histo-that were still labeled at 7 days, 12.4%  2.3% were
GFAP (Figure 4B, lower panel). Apparently, only a small grams of SVZ cells unstained (control) and stained with
MMA antibody directly conjugated to fluorescein. Onpercentage of LeX cells that are dividing in vivo during
a 2 week period are astrocytes, but a greater proportion average, 3.0%–5.6% of the total cells were selected as
positive, demonstrating a high recovery of LeX cells.of these are slowly dividing like some SVZ stem cells
compared to LeXGFAP cells. To determine purity, FACS-sorted cell suspensions were
Table 1. Antigenic Characterization of Cells Derived from Microdissected Adult Mouse SVZ
PSA-NCAM -Tub GFAP mCD24 LeX (MMA)
Percent of total cells 63.5  5.2 59.9  7.8 12.1  0.9 16.3  0.7 4.3  0.2
Percent of Lex cells nd 7.32  1.1 18.2  1.9 0 100
The striatal SVZ region was microdissected from slices and enzymatically dissociated to single cells that were then stained for SVZ markers.
mCD24 has been reported on ependymal cells and at a lower level on neuroblasts (Calaora et al., 1996); we found that labeling was largely
restricted to ependymal cells (higher antibody concentrations may allow more extensive neuroblast labeling). PSA NCAM is a surface molecule
expressed by SVZ neuroblasts.
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rial onto the substrate (Figure 5E), consistent with the
observation of extracellular LeX in neurogenic zones in
sections. In contrast, during 5–7 days in vitro, LeX SVZ
cells rarely divided, and they generated largely neurons
(Figure 5G).
Interestingly, the number of neurospheres obtained
from purified LeX SVZ cells depended on plating den-
sity. When 1000 LeX cells were plated per 35 mm dish,
Figure 3. MMA Recognizes a Large Protein Carrier for LeX in Adult 1 in 50 generated neurospheres; when 100 LeX cells
Neurogenic Regions and Not Cerebellum were plated per 35 mm dish, 1 in 8 generated neuro-
Western blot shows all adult CNS regions examined, but cerebellum, spheres; and when 1–5 LeX cells were plated per Tera-
have a large200 kDa band revealed by LeX staining. Hippocampus
saki well, 1 in 4 generated neurospheres. One interpreta-(Hip), striatum (Str), cerebral cortex (Ctx), and cerebellum (Cb). Left
tion of this finding is that there is an inhibitory interactionlanes 25 g, right lanes 10 g loaded protein.
between LeX cells that reduces the efficiency of neu-
rosphere generation. In contrast, when 100 LeX cells
stained with MMA antibody: positive fractions ranged were plated per 35 mm dish, no neurospheres were
from 74%–99% purity, and negative from 98%–99.5% ever observed, but when negative cells were plated at
purity. a higher density, around 1000 cells per dish, 1 in 550
When cultured under neurosphere-promoting condi- cells made neurospheres; this was within the range of
tions in serum-free B27/N2 medium plus 20 ng/ml of contamination of LeX cells in this fraction.
EGF and FGF2, the two FACS-sorted populations be- The LeX fraction generated typical neurospheres
haved very differently. LeX cells made abundant neu- that contained multiple cell types and more stem cells,
rospheres, while LeX cells rarely made neurospheres demonstrating that LeX stem cells were multipotent
(Figures 5C, 5D, 5F, and 5G). Contrasting behavior was and self-renewing (Figures 5I–5K). For example, 20/20
also seen after plating onto poly-l-lysine (PLL)-coated randomly picked neurospheres generated both neurons
tissue culture dishes in serum-free culture medium. and glia after plating onto poly-l-lysine-coated wells in
LeX cells had various morphologies and were highly medium lacking growth factors to encourage differentia-
tion. Moreover, stem cells within the neurospheres ex-proliferative. They frequently shed LeX-containing mate-
Figure 4. LeX Cells in the SVZ Are Dividing
In Vivo and Retain BrdU
(A) Experimental scheme. (B) Upper panel,
acutely isolated SVZ cells were stained for
BrdU label and SVZ markers. The percentage
of BrdU-labeled cells in each SVZ cell popula-
tion is shown. Lower panel, of the LeX cells
that incorporate BrdU at day 0 and retain label
at day 7, only a minor percentage is also
GFAP, but this increases over time indicat-
ing enrichment in the slowly dividing popula-
tion. (C) At day 0, BrdU labeling was seen in
the SVZ and (D) in the inner granular layer of
the hippocampal DG (arrows). (E–G) Exam-
ples of labeling of acutely stained SVZ cells:
LeX (E), BrdU (F), and GFAP (G). Scale bars:
(C and D) 100 m; (E–G) 25 m.
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Figure 5. FACS Sorting Reveals that SVZ
Stem Cells Carry the LeX Marker
(A) The SVZ region was microdissected from
slices. A single cell suspension was gener-
ated and labeled with MMA antibody. Typical
FACS histograms are shown in (B) comparing
the unlabeled (control) with the labeled popu-
lation. (C) A typical sample of the LeX-sorted
fraction stained with MMA shows high purity.
After 7 days in culture (at a density of 100
cells/35 mm dish), these cells generate neu-
rospheres (D). (E) In adherent conditions, cul-
tured LeX cells frequently shed LeX mate-
rial (arrows) onto the substrate. (F) A typical
sample of the LeX-sorted fraction stained
with MMA shows high purity (insert, phase
picture). These cells rarely divided in vitro.
(G) After culture for 5–7 days on PLL-coated
culture wells, LeX cells produced many neu-
rons that stained for -tubulin III. (H) The vast
majority of neurospheres arose from LeX
SVZ cells. (I–K) Neurospheres generated from
LeX cells gave rise to all three major CNS
cell types: O4 oligodendrocytes (I), GFAP
astrocytes (J), and -tubulin III neurons (K).
Scale bars: (C and F) 30 m; (D and G) 50m;
(E and I–K) 25 m.
pressed LeX. When primary neurospheres from adult neurospheres, while the LeX population rarely made
neurospheres (Figure 6).SVZ were grown for 7–10 days in EGF, fixed, cryostat
sectioned, and stained for LeX, many positive cells were
revealed, mainly at the periphery (Figure 6A). After pri- Ependymal Cells Are Not Stem Cells
In 1999, Johansson et al. presented evidence that epen-mary neurospheres were enzymatically dissociated,
29.22% 1.14% of the cells were LeX, which is similar dymal cells included a stem cell population. They en-
riched for ependymal cells by different methods includ-to the 20%–30% estimated frequency of stem cells in
neurospheres (Gritti et al., 1996). FACS-purified LeX ing their expression of Notch1, by filling the ventricles
with DiI and then selecting DiI cells, or by picking indi-cells from primary neurospheres generated abundant
Figure 6. LeX Cells in Neurospheres Are
Stem Cells
(A) In cryostat sections of neurospheres,
LeX cells are numerous and located mainly
at the periphery. (B) Neurospheres were enzy-
matically dissociated to single cells and
stained for LeX. FACS histograms show ap-
proximately 23% of cells in the labeled sam-
ple are positive. After FACS separation, the
positive cells were highly pure (C), and when
cultured, they generated abundant neurosph-
eres (D). (E) A sample of the LeX fraction
cells stained for MMA (insert, phase picture)
reveals high purity. (F) After culturing under
neurosphere generating conditions, few LeX
cells divided. (G) The vast majority of neu-
rospheres generated came from the LeX
neurosphere cells. Scale bars: 30 m.
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picked using a glass pipette and transferred to a
multiwell plate; a transmembrane insert was placed in
the well, and neurosphere-generating, total SVZ cells
were added to the upper part of the insert. This allowed
neurosphere-conditioned media to be shared by the two
cell populations while keeping them physically separate.
Even though the SVZ cells above the transmembrane
produced abundant neurospheres (Figure 7D), the epen-
dymal cells below produced none (Figure 7C). Our ex-
periments clearly demonstrate that ependymal cells se-
lected by two different methods—expression of mCD24
and possession of cilia—do not generate neurospheres,
even in the presence of neurosphere-conditioned me-
dium. This is consistent with our finding that adult neural
stem cells are distinguished by their expression of LeX.
Discussion
LeX is a fucose-containing trisaccharide present on the
Figure 7. Ependymal Cells Isolated by Two Different Methods Do surface of mouse embryonic stem cells and primordial
Not Generate Neurospheres
germ cells. Given its expression on pluripotent stem
(A). Only sorted mCD24, nonependymal cells generate significant
cells in the early embryo, and on a subset of cells in theneurospheres.
developing and adult CNS, we examined whether some(B) Scheme showing coculture of ependymal cells (below the trans-
of the LeX cells in the adult CNS might be stem cells.membrane insert) with total SVZ cells (above the insert).
(C) Ependymal cells did not make neurospheres, and they retained
their original ciliated phenotype. Most Neurosphere-Generating Adult SVZ Cells
(D) SVZ cells above the insert made neurospheres. Are LeX
Scale bar: (C) 25 m; (D) 100 m.
Currently, the best assay for adult SVZ stem cells is the
ability to generate neurospheres. FACS-purified LeX
cells made abundant neurospheres, while LeX cellsvidual ciliated ependymal cells with a glass micropi-
pette. After culturing these cells in neurosphere-condi- rarely produced neurospheres, and these could have
been generated from the few contaminating LeX cellstioned medium, neurospheres were produced. This result
has proven somewhat controversial because it has been in the negative fraction. Using FACS, LeX cells were
enriched from a frequency of approximately 4% in thedifficult to reproduce. Chiasson et al. (1999) and Laywell
et al. (2000), reported that ependymal cells isolated from total population to a nearly pure suspension, represent-
ing a 25-fold enrichment. The incidence of neurosphere-adult or early postnatal mice are capable of generating
neurosphere-like structures, but these were not typical generating cells is approximately 1% in the total popula-
tion and 25% in the purified LeX population—againneurospheres, lacking multipotency and self-renewal. A
more recent paper has added to the controversy by around a 25-fold enrichment. The fact that the fold en-
richment of neurosphere-generating activity is the samepresenting data that support both possibilities (Rietze
et al., 2001). Adult SVZ stem cells were purified based on as the fold enrichment of LeX cells strongly suggests
that all the neurosphere-generating activity is containedlack of mCD24 (HSA), which is expressed by ependymal
cells, and were found to lack cilia, suggesting a nonep- in the LeX population.
The neurospheres produced from LeX cells are typi-endymal identity. Yet, after filling the ventricles with DiI
to preferentially label ependymal cells, some of the puri- cal in terms of growth characteristics and cell content:
neurons, glia, and more stem cells. Moreover, primaryfied stem cells were found to be DiI.
In our studies, we found that LeX labels most stem neurosphere stem cells were also LeX, as shown by
FACS separation and secondary neurosphere genera-cells, yet ependymal cells do not express LeX in sections
nor after acute isolation in vitro, suggesting that they tion. Hence SVZ stem cells are LeX rather than LeX,
and LeX expression is maintained as they self-renew.may not in fact be stem cells. In order to investigate this
further, we purified mCD24 ependymal cells by FACS LeX cells collected by FACS constituted 3%–6% of
the total SVZ population, indicating a good recovery ofand cultured them in standard neurosphere-generat-
ing culture conditions (20 ng/ml FGF2 and EGF). The the total (4%) LeX-expressing cells. When the highly
pure positive and negative cell populations are sepa-mCD24 fraction gave rise to negligible numbers of neu-
rospheres (0.15%), which is within the range of mCD24 rated, there is an intervening population that contains
low LeX-expressing cells that are difficult to separatecell contamination (2%). In contrast, the mCD24 frac-
tion produced 7.1% neurospheres (Figure 7A). Clearly, from LeX cells. Comparison of the positive (usually
over 95% LeX), the intervening (7% LeX), and theneurosphere production is associated with the nonep-
endymal cell fraction. Given that neurosphere-condi- negative (2% LeX) populations shows neurosphere
production is closely related to the percentage of LeXtioned medium was used in Johansson’s study to en-
courage neurosphere production by ependymal cells, cells present (data not shown), underlining the associa-
tion between LeX expression and neural stem cells.we used a coculture protocol, illustrated in Figure 7B, as
a further test. Ciliated ependymal cells were individually Not all LeX cells behave like stem cells. When one
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to five LeX cells were plated per Terasaki well, approxi- up BrdU and that physically isolated ependymal cells
could not generate typical neurospheres (Doetsch et al.,mately one in four generated neurospheres. LeX cells
that do not generate neurospheres may be stem cells 1999a; Chiasson et al., 1999; Laywell et al., 2000). Given
our finding that most of the neurosphere-generatingthat are too damaged to divide, or nonstem cells: for
example, the immediate progeny of stem cells that still cells in the SVZ are LeX, the fact that ependymal cells
are LeX argues against their being stem cells. Support-retain LeX expression. Or perhaps they are stem cells
that require different environmental conditions for their ing this conjecture, purified mCD24 cells did not gener-
ate neurospheres, nor did individually picked ciliatedgrowth.
The adult SVZ stem cell frequency obtained by LeX ependymal cells, even in the presence of neurosphere-
conditioned medium. This is consistent with the recentselection (25%) is higher than the 0.31% obtained for
SVZ stem cells using expression of EGFP under the observation that purified adult SVZ stem cells lack epen-
dymal features (Rietze et al., 2001). The apparently con-control of a Nestin enhancer (Kawaguchi et al., 2001),
and the 4.3% obtained for human embryonic CNS stem tradictory observation that after ventricular DiI labeling,
32% of purified SVZ stem cells were DiI (Rietze et al.,cells using CD133, mCD24/lo (Uchida et al., 2000). A
recent study used sequential steps based on cell size, 2001) could be explained by the fact that this is not a
specific labeling technique: DiI can reach other cells,binding of the lectin PNA, and mCD24lo to separate a
highly enriched (80%) population of SVZ stem cells for example SVZ astrocytes whose end-feet sometimes
penetrate the ependymal layer to contact the ventricular(Rietze et al., 2001). However, only 63% of the total
stem cells were selected, leaving behind a significant space (Doetsch et al., 1999b).
subpopulation with a different phenotype. LeX selec-
tion, while not generating as pure a population, encom- If SVZ Stem Cells Are Not Ependymal Cells,
passes the vast majority of stem cells, allowing more Are They Astrocytes?
complete isolation of the stem cell population. More- There is substantial evidence that some SVZ stem cells
over, LeX selection is a simpler, one-step enrichment are astrocytes. After depletion of SVZ cells using cyto-
method that reduces manipulation of the stem cells. In sine arabinoside, the entire cell network regenerates
the future, greater enrichment of adult CNS stem cells from a stem cell population that expresses GFAP
may be achieved by combining LeX expression with (Doetsch et al., 1999b). Purified SVZ astrocytes can gen-
additional markers. erate neurons (Laywell et al., 2000). However, not all
Typical neurospheres capable of making neurons and SVZ astrocytes are stem cells: 12% of SVZ cells are
glia in vitro preferentially generate glia after transplanta- GFAP, but only 1% of SVZ cells generate neuro-
tion in vitro (Winkler et al., 1998; Cao et al., 2001). It will spheres, and only a fraction of astrocytes participate in
be important to test the ability of freshly isolated LeX the regeneration process in vivo (Doetsch et al., 1999b).
cells to make neurons and glia in vivo, which will be SVZ stem cells are LeX, and LeX and GFAP are ex-
addressed in future studies. pressed in similar domains in vivo, suggesting a func-
tional relationship. Yet only 6% of SVZ astrocytes are
LeX. Could these LeXGFAP cells be SVZ stem cells?Using BrdU Uptake In Vivo to Identify SVZ
Stem Cells This would represent around 1% of the total SVZ cells,
which could correspond to the 1% that make neuro-There is an ongoing discussion regarding BrdU uptake
as an indicator of cell division and whether it may some- spheres. Furthermore, at clonal density, around one in
four LeX cells produce neurospheres, and around 18%times reflect DNA repair rather than synthesis (Nowa-
kowski and Hayes, 2000). A recent study indicates that of LeX cells are GFAP, which is numerically consistent
with this being the major stem cell population. However,the immunocytochemical method commonly used to de-
tect BrdU uptake, and used in this study, is not sensitive the BrdU uptake experiments reveal that only 5% of the
LeX SVZ cells that incorporated BrdU over a 2 weekenough to detect DNA repair (Palmer et al., 2000). With
this caveat, we conclude that two-thirds of LeX cells period are GFAP. If these were the major stem cell
population, we might expect a higher percentage to bein the SVZ divide over a 2 week period, and of these,
one-third are slowly dividing. LeX cells that did not labeled, unless most are quiescent in vivo. Our data are
consistent with some SVZ stem cells being astrocytic,divide during the 2 week labeling period may be post-
mitotic, have an even longer cell cycle time, or be qui- but also indicate the presence of a stem cell population
with a novel identity, neither astrocytic nor ependymalescent.
While there is strong evidence that some SVZ stem but LeXGFAP. Lineage studies show that SVZ
astrocytic stem cells give rise to GFAP type C progeni-cells are slowly dividing, this does not preclude a more
rapidly dividing population coexisting in the SVZ. Stem tors that in turn give rise to GFAP neuroblasts (Doetsch,
et al., 1999b). Perhaps some later cells in the lineagecells from different sources have various cell cycle times
(Morrison et al., 1997). Hence, some of the LeX cells can behave like stem cells and make neurospheres in
vitro. We should bear in mind that the exact relationshipthat lose BrdU label during the chase period may also
be stem cells. between neurosphere-generating cells in vitro and stem
cells in vivo is not yet understood.
A Nonependymal Identity for SVZ Stem Cells
The original claim that ependymal cells include a stem What LeX Staining In Vivo Reveals about CNS
Stem Cellscell population (Johansson et al., 1999) quickly proved
controversial, with observations that ependymal cells Can LeX be used to identify stem cells in vivo? LeX
is shed from stem cells and may be abundant in theinspected at the electron microscopic level did not take
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extracellular matrix, which could obscure which cells in 1992), we speculate that it influences CNS stem cell
adhesion. Carbohydrate ectodomains on proteoglycansvivo are expressing LeX. Furthermore, only approxi-
mately one in four LeX SVZ cells generate neuro- can be shed into the extracellular matrix where they
interact with growth factors (Kato et al., 1998). LeX isspheres, and we do not know whether the remainders
are stem cells or not. Nevertheless, LeX staining can present in the extracellular matrix (Gocht et al., 1996),
and we observed shedding of LeX material by adulthelp us hone down stem cell location. Moreover, some
LeX cells may be stem cell progeny, providing insight SVZ cells in vitro and diffuse LeX staining in neurogenic
zones. Low concentrations of free LeX can promoteinto stem lineages in vivo.
In the SVZ, there are a few distinct cells that strongly FGF2 oligomerization and stimulate its mitogenicity for
embryonic stem cells (Milev et al., 1998; Jirmanova et al.,express LeX; these are likely to correspond to the LeX
population in acute cell isolations. In whole-mount stain- 1999). However, excess LeX inhibits FGF2 mitogenicity
(Dvorak et al., 1998). Thus, different concentrations ofing of the SVZ, LeX cells are large, bushy cells spotted
over the entire striatal wall, suggesting that their spacing LeX in the extracellular environment could regulate
growth factor access to, and influence on, CNS stemand number are regulated. Interestingly, purified LeX
cells generated more neurospheres as they were diluted. cells. In the embryo, LeX-containing carbohydrates can
bind Wnts (A.C. and S.T., unpublished data), and theyPerhaps neural stem cells secrete factors that control
the division and position of neighboring stem cells: such may continue to bind critical growth modulators in the
adult. The large carrier molecule for LeX identified in thenegative feedback appears to control skin and intestinal
crypt stem cells (Jones et al., 1995; Bach et al., 2000) developing CNS and adult neurogenic regions may be
important to its regulative role.and the number and spacing of neuroblast stem cells
in insect neuroectoderm (Campos-Ortega, 1995). In conclusion, we speculate that this unusual fucose-
containing carbohydrate helps to regulate the CNS stemIn addition to its expression in striatal SVZ, LeX is
abundantly expressed in the septal SVZ, which can gen- cell population: LeX may prove to be an important player
in the stem cell niche. Moreover, this unique feature oferate neurospheres (Chiasson et al., 1999). Interestingly,
in the hippocampus, the strongest LeX staining oc- adult neural stem cells offers clues to their in vivo identity
and allows their enrichment for further study, providingcurred outside the DG, surrounding blood vessels, and
at the pial surface (Figure 1). A recent paper indicates access to more information about these essential cells.
that DG progenitor cells are restricted, and that hippo-
Experimental Procedurescampal stem cells originate outside the DG; neuro-
sphere-generating stem cells were derived from the ad-
SVZ Dissection and Dissociation
jacent periventricular area (Seaberg and van der Kooy, Coronal slices of adult female Swiss Webster mice brains were cut
2002). The characteristics of LeX cells in these different with a razor blade. The SVZ region was microdissected from slices,
hippocampal locales should be explored. then incubated for 1 hr at 37C in 14 U/ml of papain (Worthington)
or with 1.3 mg/ml trypsin and 0.67 mg/ml hyaluronidase (Sigma),Besides the SVZ and hippocampus, which are known
with gentle rocking. The tissue was dissociated to a single cellareas of adult neurogenesis, there is LeX expression in
suspension using a fire-polished Pasteur pipette. The cells wereother forebrain areas, such as the body of the septal
centrifuged for 10 min at 300 	 g and resuspended in DMEM
and striatal regions, at the pial surface, the corpus callo- (GIBCO).
sum, and in rare cells in the cortical parenchyma and
olfactory bulb. Stem cells can be obtained from postna- Cell Culture
Neurosphere Generationtal cortical parenchyma (Marmur et al., 1998) and adult
SVZ single cell suspensions were plated in bacteriological grade 35olfactory bulb (Gritti et al., 2002). The corpus callosum
mm dishes (Falcon) in basic serum-free medium: DMEM containingcontains primitive glial progenitor cells (Reynolds and
B-27, N2, N-acetyl-cystein, 20 ng/ml EGF, or 20 ng/ml EGF plus 20
Hardy, 1997), similar to cells derived from the adult optic ng/ml FGF2 (supplements and growth factors from GIBCO) and
nerve that can revert to a multipotent, stem-like state maintained at 35C, 6% CO2 . Ciliated ependymal cells were manu-
(Kondo and Raff, 2000). It will be worthwhile to examine ally picked using pulled capillary pipettes and plated in 6-well plates
(Costar) in basic medium with 20 ng/ml FGF2 plus 20 ng/ml EGF,whether LeX cells in these nonneurogenic forebrain
conditioned by coculture with total SVZ cells above a transmem-regions have stem cell properties, and to examine LeX
brane insert (Costar). For secondary neurosphere generation, pri-cells in more caudal regions, as neurosphere-generating
mary neurospheres were dissociated by a 30 min papain incubation
cells have been derived even from adult spinal cord and plated as described for SVZ cells.
(Weiss et al., 1996).
In the forebrain, LeX cells were often associated with Cell Sorting
Acutely isolated SVZ or primary neurosphere cell suspensions la-blood vessels. It has been suggested that in the adult
beled with MMA (Becton Dickinson or American Type Culture Col-mouse hippocampus, blood vessels may be a stem cell
lection) or mCD24 (Pharmingen) were sorted using a Becton Dickin-niche (Palmer et al., 2000). Our findings reinforce this
son FACS Vantage. Gating parameters were set by side and forwardidea and further suggest that the LeX carbohydrate is scatter to eliminate debris, and dead and aggregated cells, and
part of that niche. by green (530 nm, MMA) or red (575 nm, mCD24) fluorescence to
separate positive from negative cells. The flow rate was 1000
events/s for high purity and recovery.Biological Significance of LeX
The fact that LeX is expressed on embryonic pluripotent
Immunostainingstem cells and on adult CNS stem cells suggests it
General Procedure
has an important function for stem cells, which will be Cells and neurospheres were fixed with ice-cold 4% paraformalde-
pursued in future studies. Because LeX influences blas- hyde (PFA) for 30 min. Primary antibodies were incubated overnight
at 4C, followed by a 45 min incubation at room temperature (RT)tocyst adhesion (Bird and Kimber, 1984; Hakomori,
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with biotinylated secondary antibodies (1:200) and the ABC Elite kit the CD15 epitope in the hippocampus of the mouse. Cell Tissue
Res. 289, 17–23.and VIP (Vector) or Alexa Fluor-conjugated secondary antibodies
(1:200, Molecular Probes), except as indicated. Bach, S.P., Renehan, A.G., and Potten, C.S. (2000). Stem cells: the
Dissociated SVZ Cells intestinal stem cell as a paradigm. Carcinogenesis 21, 469–476.
Cells were plated for 2 hr for acute staining or for longer culture Bartsch, D., and Mai, J.K. (1991). Distribution of the 3-fucosyl-
periods. For LeX, live cells were incubated with MMA antibody (1:20) N-acetyl-lactosamine (FAL) epitope in the adult mouse brain. Cell
for 30 min at RT before fixation. Cells were stained for mCD24 (1:500) Tissue Res. 263, 353–366.
and PSA-NCAM (1:800, G. Rougon) after fixation.
Bird, J.M., and Kimber, S.J. (1984). Oligosaccharides containingFor intracellular antigens, cells were permeated for 5 min with
fucose linked alpha (1–3) and alpha (1–4) to N-acetylglucosamine100% methanol at20C, blocked, then stained: -tubulin III (1:400,
cause decompaction of mouse morulae. Dev. Biol. 104, 449–460.Sigma), GFAP (1:400, DAKO, 1 hr at RT), and BrdU (1:100, DAKO,
Cao, Q.L., Zhang, Y.P., Howard, R.M., Walters, W.M., Tsoulfas., P.,after required HCl treatment).
and Whittemore, S.R. (2001). Pluripotent stem cells engrafted intoNeurosphere Sections
the normal or lesioned adult rat spinal cord are restricted to a glialPrimary neurospheres were fixed and cryoprotected in 30% sucrose.
lineage. Exp. Neurol. 167, 48–58.12 m cryosections were blocked in Dulbecco phosphate-buffered
saline (DPBS) with 0.1% Triton X-100 and 10% normal goat serum Calaora, V., Chazal, G., Nielsen, P.J., Rougon, G., and Moreau, H.
(NGS) and incubated with 1:200 MMA antibody overnight at RT. (1996). mCD24 expression in the developing mouse brain and in
Brain Sections zones of secondary neurogenesis in the adult. Neuroscience 73,
Cryostat and paraffin sections were cut after 4% PFA perfusion. 581–594.
Paraffin sections (4 m) were dewaxed, hydrated, and incubated Campos-Ortega, J.A. (1995). Genetic mechanisms of early neuro-
with 0.25% pepsin in 0.1 M HCl to unmask antigens. Sections were genesis in Drosophila melanogaster. Mol. Neurobiol. 10, 75–89.
stained with MMA (1:200), GFAP (1:800, DAKO), and anti-BrdU
Chiasson, B.J., Tropepe, V., Morshead, C.M., and Van der Kooy, D.(1:100) antibodies.
(1999). Adult mammalian forebrain ependymal and subependymalWhole-Mount Staining
cells demonstrate proliferative potential, but only subependymalThe lateral ventricle wall was prepared for staining as published
cells have neural stem cell characteristics. J. Neurosci. 19, 4462–(Doetsch et al., 1999b), then incubated with MMA antibody (1:200)
4471.or monoclonal anti-GFAP (1:100, Chemicon) for 48 hr at 4C. Staining
Davis, A.A., and Temple, S. (1994). A self-renewing multipotentialwas revealed with peroxidase-conjugated goat anti-mouse IgM or
stem cell in embryonic rat cerebral cortex. Nature 372, 263–266.anti-mouse IgG antibodies (Jackson Immunoresearch Laboratories),
with DAB substrate. Dodd, J., and Jessell, T.M. (1986). Cell surface glycoconjugates
and carbohydrate-binding proteins: possible recognition signals in
sensory neurone development. J. Exp. Biol. 129, 225–238.Long-Term BrdU Labeling
Adult mice were given drinking water containing 1 mg/ml BrdU for Doetsch, F., Caille, I., Lim, D.A., Garcia-Verdugo, J.M., and Alvarez-
2 weeks, then BrdU-free water for 0, 4, or 7 days. At each time point, Buylla, A. (1999a). Subventricular zone astrocytes are neural stem
tissue was prepared for immunohistochemistry of cryostat sections cells in the adult mammalian brain. Cell 97, 703–716.
and dissociated cells. Doetsch, F., Garcia-Verdugo, J.M., and Alvarez-Buylla, A. (1999b).
Regeneration of a germinal layer in the adult mammalian brain. Proc.
Western Blots Natl. Acad. Sci. USA 96, 11619–11624.
Western blots were performed as published (Mai et al., 1998). Initial
Dvorak, P., Hampl, A., Jirmanova, L., Pacholikova, J., and Kusakabe,homogenization was carried out with protease inhibitors Complete
M. (1998). Embryoglycan ectodomains regulate biological activitymini (Roche Molecular Biochemicals). Proteins were run on 15%
of FGF-2 to embryonic stem cells. J. Cell Sci. 111, 2945–2952.gels and transferred to Immobilon P (Millipore). Membranes were
Fox, N., Damjanov, I., Martinez-Hernandez, A., Knowles, B.B., andblocked overnight at 4C with 5% nonfat dry milk in Tris-buffered
Solter, D. (1981). Immunohistochemical localization of the early em-saline and incubated with MMA antibody (1:200, 5 hr at RT). After
bryonic antigen in postimplantation mouse embryos and fetal andsix 5 min washes, membranes were incubated with peroxidase-
adult tissues. Dev. Biol. 83, 391–398.conjugated goat anti mouse IgM (1:4,000), and bands were detected
using ECL reagent (Amersham Pharmacia). Gage, F.H. (2000). Mammalian neural stem cells. Science 287, 1433–
1438.
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